1. Introduction {#sec1}
===============

Structured-light scanning of objects is increasingly used in medicine and related areas of research in the world \[[@B1]--[@B3]\]. Most commercially available scanners are unidirectional, allowing the measurement of an object\'s shape or curvature from one direction only. These include devices using the moiré effect. Devices of this type were the first available ones, applied in research as early as the 1970s. The pioneer of such studies and the first author to capture and publish the image of a patient\'s back with moiré patterns projected was Takasaki \[[@B4]\]. More advanced devices, allowing for more precise measurement, are structured-light optical scanners \[[@B5]\]. These can be divided into five categories, depending on the pattern type and projection method. The scanner described by Posdamer and Altschuler \[[@B5]\] belongs to the category using a sequential projection of several rasters. These can be Gray codes, phase-shifted sinusoidal stripes, or binary codes; a hybrid method may also be used, applying both Gray codes and sine stripes. The hybrid method was proposed in 1998 by Brenner et al. \[[@B6]\]. Another group includes devices whose operation is based on color light projection. Two subgroups can be identified: one comprises devices termed "Rainbow 3D Cameras" \[[@B7]\] and the other comprises devices projecting continually changing color stripes \[[@B8]\]. Another group of scanners, rarely used commercially, operate based on the indexing of stripes \[[@B9]\] or parts of the projected grid \[[@B10]\]. It is also possible to combine selected methods from two or more categories to develop hybrid scanning methods.

The present study employed a scanner projecting a hybrid set of images, consisting of sinusoidal stripes preceded by a Gray code sequence \[[@B11]\]. The scanning device may also be portable, which is especially important in measurements of large animals. Another advantage of this particular method is that it allows for contactless measurement, which significantly facilitates the measurement of animals, especially agricultural ones. Furthermore, the method provides a complete set of data in a significantly reduced time. The technique enables the creation of three-dimensional images of anatomical structures. In many cases, it may also complement or even replace the traditional measurement and recording methods used in osteometry \[[@B12]--[@B19]\].

With regard to problems necessitating the use of bone measurement techniques, an especially interesting one is bilateral skeletal asymmetry. It has been described as common both in humans and in animals \[[@B20]--[@B22]\]. Marked asymmetry may result in musculoskeletal system disorders, which is particularly significant in the case of animals kept for recreation or sports purposes, including horses. A considerable number of injuries occur in the distal portions of thoracic limbs; therefore, the present study focused on the distal third phalanx, also called the coffin bone. This bone bears the entire weight of the horse\'s body due to the vertical position of the equine autopodium. Moreover, the distal phalanx structure in the species is incomparable with other bone structures. Many bones, including the coffin bones studied here, are complex structures, very difficult to assess with objective measurement \[[@B23]\]. Therefore, structured-light scanning of the bone may be a potential method of obtaining information on its shape and structure. Notably, this method had never been used for osteometric measurements before. Thus, the present study is a pioneering one.

2. Materials and Methods {#sec2}
========================

The study material comprised bilateral thoracic limb coffin bones of the Polish cold-blood horse, mainly bred and kept as a draft horse \[[@B18]\]. The animals (*n* = 38) were sold from private farms to the Rawicz horse slaughterhouse for reasons unrelated to any musculoskeletal disorders. Bones for analysis were isolated from limbs of randomly selected horses. According to the Polish law, the postmortem use of tissues does not require an approval from the Ethics Committee \[[@B24]\].

At the first stage of the study, a part of the autopodium comprising the hoof was separated by severing the pastern joint. Subsequently, each hoof was marked. Then, it was bagged and immersed in water at 95--99°C for 48 h, after which the coffin bone was isolated from the hoof capsule, cleaned, and air-dried at room temperature for a week. Each coffin bone was marked on the articular surface with the number of the horse and a letter indicating the left or right limb. The isolated, dried, and marked coffin bones were laid on the flat surface of the rotary table comprised in the measurement system ([Figure 1](#fig1){ref-type="fig"}). The surface was level and covered with antislip fabric. Therefore, no fastening of the studied bones to the surface was necessary to prevent displacement during the movement of the table.

The other part of the measurement system was the 3D scanner installed at the appropriate distance ([Figure 1](#fig1){ref-type="fig"}). The scanner operated as follows: the measured object (OB), that is, the coffin bone, was placed on the rotary table (RT), and a stripe pattern was projected upon it from one direction by the projector (PR). The patterns were observed using two cameras, one above and one below the projector. The apparent distortion of the patterns provided information on the shape of the object \[[@B11]\]. The distance between the cameras was 500 mm, and the distance between each camera and the projector was 250 mm. The first camera was positioned at a 60° angle to the projector\'s optical axis. The second camera was positioned at the same angle to the projector\'s optical axis. The resolution of the cameras was 2 Mpix. The resolution of the projector was 1280 × 720p (HD-Ready). The system was arranged so as to enable the measurement of objects within a 180 × 180 × 100 mm sample volume. The projector emitted white light. Color cameras were used. A single scan produced a point cloud, with the position of each point in space given in mm. The units were chosen at the stage of entering parameters in the system, before calibration. A single scan comprised data calculated based on information from the two cameras. The double-camera setting enabled the simultaneous measurement of the object from two directions, minimizing the unscanned portion of the object. The axial accuracy of the measurement was 0.1 mm, and the mean distance between measurement points in the measurement plane was also 0.1 mm. The system was calibrated so that both scanners (comprising the separate cameras and the common projector) worked in the same coordinate system. Additionally, as part of the calibration, one of the axes was set so as to pass through the rotation axis of the rotary table, and the remaining two axes were parallel to the surface of the table. This enabled the automatic merging of the data. The slight deviations in the above parameters were adjusted for algorithmically. After each measurement, the table rotated by 15°; therefore, 24 subsequent measurements provided a 360° recording of the object\'s shape. After 24 measurements, the table rotated by another 15° to return to its initial position. In the measurement process, apart from the dimensions of the objects, information on the objects\' texture was also recorded. A complete revolution of the table comprised 14.400 microrotations, which allowed positioning in 0.025° steps.

A very significant factor in the measurements was finding the appropriate amplification and shutter settings, so as to enable the scanning of the largest surface possible. The need for entering certain parameters was due to the various colors of the bones measured. Therefore, values were adjusted experimentally for each object. All data processing and the scanning process itself were performed using the FRAMES software, developed by a team working at the Warsaw University of Technology Division of Virtual Reality.

3. Results {#sec3}
==========

During the measurements, it turned out that the three-dimensional scanning method used is better suited for measuring light bones, whose surfaces do not significantly reflect or absorb light. Therefore, better scans were obtained from well-macerated bones, with fat completely removed ([Figure 2(a)](#fig2){ref-type="fig"}). Darker, more reflective bones, with a layer of fat, were more difficult to scan ([Figure 2(b)](#fig2){ref-type="fig"}). Thus, it was found that any fat layer should be removed from the scanned bone surfaces; that is, the pretreatment of bones is extremely important. Furthermore, after treatment, the surfaces of some bones were found to be porous ([Figure 2(a)](#fig2){ref-type="fig"}). The optical system was capable of scanning and measuring the pores only to the depth where the light from the projector was still observable by the cameras. It was found that the depth of pore measurement could be increased by reducing the distance between the cameras and the projector; however, the smaller distance resulted in reduced axial accuracy. [Figure 3](#fig3){ref-type="fig"} shows an example measurement result after initial processing. It also shows subsequent enlargements of selected areas.

After the measurement of a bone, the points were projected onto a plane, corresponding to the surface of the rotary table. Thus, a two-dimensional image was produced. At the next stage, the bone image was rotated so as to achieve approximate horizontal symmetry. The image of the right coffin bone was flipped horizontally. Subsequently, the images of the left and right coffin bones from the same animal were superimposed using graphics software. The right coffin bone image was shifted and/or rotated so as to achieve the best overlay of the two images. For each image, we delineated the plantar margin of the bone and determined its middle point, which then constituted the zero point of a coordinate system. The margin line was transformed into polar coordinates. In the ±90° angle range, 9 measurement points were defined, spaced 22.5° apart ([Figure 4](#fig4){ref-type="fig"}). At each point, the straight line best fitting the given fragment of the margin was calculated. The fragment comprised points located within ±22.5° from a measurement point. The angle range for the bone fragment was chosen experimentally and as wide as possible, so as to minimize the influence of local distortions of the line, resulting, for example, from minor damage to the bone occurring, for example, during the removal of soft tissue.

With the equation of the best-fit line known, the angle between this line and the line passing through the current measurement point and the center of gravity was calculated. Thus, angle values for all measurement points for the left and right coffin bones were obtained. Example results are shown in [Figure 5](#fig5){ref-type="fig"}. On this basis, the difference between angles in each measurement point and the mean difference from all points were calculated for each pair of bilateral bones. The results are shown in [Table 1](#tab1){ref-type="table"}.

Pearson\'s linear correlation coefficient was calculated for correlations between mean angle differences and the horses\' age and weight. The coefficients were 0.24 (*p* = 0.15) and 0.14 (*p* = 0.41), respectively. The above results indicate a weak correlation between age and bilateral third-phalanx asymmetry in terms of the angle range of the plantar margins of coffin bones in the studied cold-blood horse population and no correlation between body weight and the asymmetry described.

4. Discussion {#sec4}
=============

The results of studies on asymmetry between bilateral bones of the equine autopodium are equivocal. Analyses were performed both on live animals \[[@B25]--[@B27]\] and on isolated bones \[[@B28]--[@B30]\]. Studies on live horses were based on caliper measurements of corresponding sections of bilateral limbs, with particular anatomical structures of the measured bones constituting reference points. The studies were performed on race horses and ponies and investigated the presence of any limb asymmetry resulting from uneven load distribution between the limbs during training. Results indicated that bilateral limb asymmetry in horses was unrelated to the type of training and that it might be typical in the species regardless of breed and use. The third metacarpal and third metatarsal bones were longer on the right side, while proximal phalanges were wider on the left side \[[@B27]\]. Other researchers assessed the cortical thickness of the third metacarpal bone in race horses. The measurements were performed on appropriate radiographs and showed that cortical thickness was higher on the right side \[[@B25]\]. Dymock and Pauwels (2012) emphasized the need for studies on the bilateral asymmetry of equine limbs, due to the equivocality of data \[[@B28]\]. Another study, on proximal phalanges in the thoracic limb, showed no significant differences in BMD or BMC between right and left limbs \[[@B29]\].

Available literature lacks reports on asymmetry between bilateral coffin bones in horses. The present study is the first one on the subject. Previous studies only assessed bilateral asymmetry between hooves \[[@B27], [@B32], [@B33]\], which was shown to be strictly correlated with asymmetries between particular limb segments \[[@B33]\].

The choice of an appropriate equine population was an important aspect of the present study. The animals selected had not undergone any training that could contribute to unequal strain on the limbs, as is the case, for example, in race horses. In the study, no correlation was found between body weight and bilateral coffin bone asymmetry in terms of the angle range of the plantar margin. Remarkably, at the same time, a correlation was shown between bilateral coffin bone asymmetry and age. This observation seems to confirm the hypothesis put forward by Leśniak, stating that asymmetry in the structure of bilateral equine limbs and in the load placed on each side occurs regardless of the type of training \[[@B27], [@B34]\]. Simultaneously, analyses by other authors indicate that unequal strain on the limbs due, for example, to lameness does contribute to asymmetry between hooves \[[@B35], [@B36]\]. The three-dimensional scanning technique can also be used for measuring the width and depth of any openings in the bone tissue. For this usage, the distances between the cameras and the projector should be reduced.

Our observations also showed that the initial treatment of bones is a very important stage of the process, as the surface should be as fat-free and nonreflective as possible. The equine autopodia for traditional osteometric measurement may be macerated for a shorter time \[[@B16], [@B19]\]. However, coffin bones for three-dimensional scanning should be macerated for 48 hours, in a temperature of 95--99°C. This treatment time is sufficient, but, during the treatment, fat should be regularly removed from water surface, and, after its completion, the bones should be rinsed thoroughly to remove any fat residue.

5. Conclusions {#sec5}
==============

Three-dimensional scanning is a new technique that may be a valuable complement to traditional measurement methods. The present study was a pilot analysis of bilateral third phalanges of equine thoracic limbs. As it turned out, three-dimensional scanning can be used to effectively determine the angle range for a selected portion of the studied bone. This use of the method is of particular value in osteometry, as it enables the performance of additional measurements that cannot be easily performed using traditional measurement techniques. Therefore, it offers broader possibilities for bone structure analysis and angle distribution assessment and, thus, for detailed analysis of bilateral bone asymmetry, but the initial treatment of bones is a very important stage of the process. The surface should be as fat-free and nonreflective as possible. Our researches indicate a weak correlation between age and bilateral third-phalanx asymmetry in terms of the angle range of the plantar margins of coffin bones in the studied cold-blood horse population and no correlation between body weight and the asymmetry described.

The presence of bilateral third-phalanx asymmetry in horses has not yet been fully explained; further studies are needed, involving a more general population and including measurements made possible by the use of three-dimensional scanning.
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![Diagram of the scanning system used for scanning the bones. CM: camera; PR: projector; RT: rotary table; OB: object.](SCANNING2017-1378947.001){#fig1}

![The macerated coffin bones: (a) well-macerated coffin bone with fat completely removed; (b) coffin bone covered by a fat layer, reflecting light.](SCANNING2017-1378947.002){#fig2}

![Example measurement results after preprocessing and merging of the directional point clouds.](SCANNING2017-1378947.003){#fig3}

![Method for determining angle values for the plantar margin of the coffin bone.](SCANNING2017-1378947.004){#fig4}

![Angle values at the measurement points for the plantar margins of the left and right coffin bones from one horse in the study.](SCANNING2017-1378947.005){#fig5}

###### 

Mean differences between angles for the right and left coffin bones from each animal in the studied cold-blood horse population.

  Number   Age \[years\]   Body weight \[kg\]   Mean difference between angles for the right and left coffin bones
  -------- --------------- -------------------- --------------------------------------------------------------------
  \(1\)    1               491                  1.91
  \(2\)    1               346                  1.84
  \(3\)    2               543                  2.88
  \(4\)    2               559                  1.70
  \(5\)    3               424                  1.22
  \(6\)    5               523                  0.95
  \(7\)    6               362                  0.81
  \(8\)    6               505                  2.08
  \(9\)    7               586                  1.25
  \(10\)   7               793                  1.90
  \(11\)   8               479                  1.13
  \(12\)   8               748                  1.93
  \(13\)   10              602                  1.45
  \(14\)   10              680                  1.23
  \(15\)   10              651                  1.15
  \(16\)   10              542                  2.70
  \(17\)   11              515                  2.33
  \(18\)   11              646                  1.87
  \(19\)   12              549                  1.37
  \(20\)   12              737                  1.99
  \(21\)   12              652                  2.39
  \(22\)   12              655                  1.51
  \(23\)   13              549                  1.93
  \(24\)   13              679                  2.04
  \(25\)   14              865                  2.23
  \(26\)   14              568                  1.91
  \(27\)   17              608                  2.23
  \(28\)   17              666                  3.31
  \(29\)   18              366                  3.18
  \(30\)   18              567                  2.11
  \(31\)   18              584                  1.52
  \(32\)   18              658                  1.03
  \(33\)   19              646                  2.07
  \(34\)   20              523                  1.44
  \(35\)   23              543                  1.34
  \(36\)   23              648                  1.99
  \(37\)   25              484                  3.87
  \(38\)   25              461                  0.94
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